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(57) ABSTRACT 

A method of determining the ignition characteristics of an 
optical source emitting optical poWer into a hazardous 
environment includes providing a chamber and a tapered 
optical ?ber having an input end and an output end, Wherein 
the output end has a smaller diameter than the input end. The 
output end of the tapered ?ber is disposed Within the 
chamber and the input end of the tapered ?ber is optically 
coupled to the optical source for receiving optical poWer 
therefrom. PoWer is ?rst applied to the tapered ?ber and the 
poWer output at the tapered ?ber output end measured. Then 
a target is applied to the tapered ?ber output end, and the 
chamber is ?lled With the desired gas/air mixture and the 
same poWer applied to the tapered ?ber. After poWer is 
applied for a period of time, a determination is made 
Whether or not the gas/air mixture ignited. 

29 Claims, 7 Drawing Sheets 
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METHOD AND APPARATUS FOR SAFETY 
TESTING OPTICAL SYSTEMS FOR 

HAZARDOUS LOCATIONS 

PRIORITY CLAIM 

This is a § 371 US. national stage of PCT/US00/09571, 
?led Apr. 10, 2000, Which Was published under PCT Article 
21(2), and claims the bene?t of US. application No. 60/129, 
470, ?led Apr. 15, 1999. 

FIELD OF THE INVENTION 

This invention relates to a method and apparatus for 
testing optical components located in haZardous environ 
ments for the possibility of ignition and/or burning. The 
method and apparatus of the invention Will alloW testing 
laboratories to ef?ciently and accurately vary the irradiance 
of optical sources for certifying the safety of optical systems 
in haZardous (including classi?ed) locations. 

BACKGROUND OF THE INVENTION 

Fiber optic systems containing intense laser sources, such 
as laser diodes capable of producing several hundred milli 
Watts or more of poWer, are found in numerous industrial 

measurement, monitoring, and control applications. Besides 
the risk of human exposure, one safety concern With intense 
radiation sources is the potential for ignition of ?ammable 
gases, vapors, dusts, ?bers, or ?yings found in some indus 
trial and haZardous locations. 

Experiments have shoWn that optical devices, such as 
lasers, can provide suf?cient energy to cause ignition of 
?ammable gas/air or particulate/air mixtures, and, in some 
situations, burning of ?ammable materials present. One 
ignition process requires the conversion of optical energy to 
thermal energy by absorption in an appropriate target as 
shoWn in FIG. 15. Fiber optic systems placed Within haZ 
ardous environments (i.e., areas in Which there is a chance 
of explosion due to increased temperatures or ?ammable 
combinations of ?ammable gas/air or particulate/air 
mixtures) can be a potential ignition source. Faulty optical 
equipment, broken or stretched ?ber optic cable, or improp 
erly installed optical equipment can output optical beams 
above the critical or ?ash point in haZardous locations. 

One particular application of optical technologies is the 
remote measurement of explosive methane gas in under 
ground coal mines. Methane gas is often liberated during the 
mining process. In addition to methane-air mixtures, coal 
dust suspensions in air represent an explosion haZard and 
larger accumulations of coal dust on surfaces represent a 
smoldering ?re haZard. Federal regulations require periodic 
methane measurements at the mining face, and abatement 
measures must be taken When methane concentrations 
exceed a threshold. Methane measurements often require 
elaborate safety precautions to prevent injury in the roof-fall 
prone face area. The difficulty in making remote methane 
measurements during extended cut operations has been cited 
as a safety concern by the United Mine Workers of America. 

A remote measurement procedure has been proposed (see 
FIG. 13) in Which an open laser beam passes through an area 
Where both methane gas and coal dust are normally present. 
Federal regulations require that atmospheric monitoring 
systems used in gassy underground mines shall be intrinsi 
cally safe. HoWever, intrinsic safety applies primarily to 
preventing electrical sparks or electrical heating ignition 
mechanisms. Little or no consideration has been given to 
optical ignition mechanisms because typical lasers used in 
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2 
mines have very loW poWer. Also, the Mine Safety and 
Health Administration (MSHA) criteria for the evaluation 
and test of intrinsically safe apparatus and associated appa 
ratus contain no speci?c guidance for optoelectronic com 
ponents such as laser diodes. 

One Way to ensure the safety of a remote optical monitor 
is to limit the energy of the laser beam to beloW the critical 
duration and intensity Which Will result in ignition or burn 
ing in the proposed environment. Previous techniques to 
determine the duration and intensity needed for an optical 
component for ignition studies used external optical com 
ponents to vary the irradiance (the optical poWer per area or 
optical poWer density) of the optical sources. Five cooper 
ating laboratories in Europe investigated the conditions 
under Which optical instruments using intense light sources 
(such as lasers) could operate safely in haZardous atmo 
spheres containing vapors of various combustible products 
and/or combustible particulates. This study investigated the 
nature of light (i.e., coherence, intensity, Wavelength, spec 
tral Width, and modulation), the characteristics of the illu 
minated particles (i.e., siZe, chemical and physical nature), 
and the nature of the gaseous environment. This study 
concluded that continuous Wave devices radiating in the 
visible and near visible are not haZardous provided either the 
radiated poWer is less than 35 milliWatts, or the peak 
radiation ?ux is less than 5 milliWatts per square millimeter. 

Details the these experimental techniques employed by 
the ?ve cooperating laboratories is described in the report, 
“Optical Techniques in Industrial Measurement: Safety in 
HaZardous Environments,” European Commission, EUR 
16011 EN, 1994. HoWever, these techniques required very 
careful alignment and typically Were designed for a single 
type optical source and Were not easily adaptable to different 
optical sources. Accurately verifying the spot siZe of the 
output beam Was also dif?cult, resulting in a time consuming 
test setup and the need for a variety of components 
(including different lenses and optical ?bers) on hand to 
accommodate different optical sources. Also, the poWer 
values concluded to be safe may not be suf?cient to provide 
remote monitoring in applications such as remote monitor 
ing of methane in a mining operation. 

There is a need for a method of testing optical systems, 
especially When installed in haZardous locations, to deter 
mine the risk of ignition. There is a need for a method of 
determining the maximum safe poWer output of an optical 
system to avoid the risk of ignition in a haZardous location. 
There is also a need for a method of determining the 
maximum safe poWer output of an optical system to avoid 
the risk of burning in haZardous locations Where ?ammable 
materials are present. There is a need for an apparatus or 
system for testing optical systems for risk of ignition and 
burning Which is easy to use With different optical sources. 
There is also a need for an optical test apparatus or system 
Which provides for precise adjustment and veri?cation of the 
output beam spot siZe. There is a need for an optical test 
apparatus or system Which does not require use of additional 
components to accommodate different optical sources. 
There is also a need for a method to evaluate the failure 
mode When an optical ?ber is stretched to the breaking point, 
With a concurrent reduction in ?ber diameter, increasing the 
irradiance of escaping laser poWer. The present invention 
provides such methods and systems. 

SUMMARY OF THE INVENTION 

A method of determining the ignition characteristics of an 
optical source emitting optical poWer into a haZardous 
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environment according to the invention includes providing a 
chamber and a tapered optical ?ber having an input end and 
an output end, Wherein the output end has a smaller diameter 
than the input end. The output end of the tapered ?ber is 
disposed Within the chamber and the input end of the tapered 
?ber is optically coupled to the optical source for receiving 
optical poWer therefrom. PoWer is ?rst applied to the tapered 
?ber and the poWer output at the tapered ?ber output end 
measured. Then a target is applied to the tapered ?ber output 
end, and the chamber is ?lled With the desired gas/air 
mixture and the same poWer applied to the tapered ?ber. 
After poWer is applied for a period of time, a determination 
is made Whether or not the gas/air mixture ignited. 

Apparatus for determining the ignition characteristics of 
an optical source emitting optical poWer into a haZardous 
environment according to the invention includes a chamber 
for receiving a knoWn quantity of a haZardous material. A 
tapered optical ?ber having an input end and an output end, 
Wherein the output end has a smaller diameter than the input 
end, Wherein the output end is disposed Within the chamber. 
An optical coupler optically couples the tapered ?ber input 
end to the optical source for receiving optical poWer there 
from. A target is attached to the output end of the tapered 
?ber and a video camera or pressure sensor is used to 

determine if ignition occurs When poWer is applied to the 
tapered ?ber in the gas/air mixture ?lled chamber. 
A method of determining the smoldering or burning 

characteristics of an optical source emitting optical poWer 
into a haZardous environment according to the invention 
includes measuring the temperature of the target at the 
tapered end of the ?ber optic taper as poWer is applied to the 
taper. 

The concept of conservation of brightness states that if 
light losses are negligible, the spatial and angular content of 
the light anyWhere Within or at either end of a ?ber optic 
taper are described by: 

Where subscript i refers to input parameters, subscript 0 
refers to output parameters, S is the cross-sectional area of 
the light distribution normal to the taper axis, 6 is the 
maximum angular extent of the light distribution, and n is 
the refractive index of the medium Where 6 is measured. 
Since n sin(6) is de?ned as the numerical aperture (NA) of 
the ?ber and since Si/S0=R2, Where R2 is the taper diameter 
ratio, then NAO/NAi=R. 

These expressions shoW that ?ber optic tapers are useful 
for transforming spatially structured input beams (such as 
those produced by different optical sources) into a spatially 
uniform output spot. Therefore, a single taper can be used to 
more ef?ciently guide optical energy from a larger variety of 
input sources While maintaining uniform output character 
istics than possible from a non-tapered ?ber. The uniform 
output characteristics and Well-de?ned taper dimensions 
alloWs more accurate measurement of irradiance than prac 
tical With the external optical components used by the prior 
art. Accurate measurements are critical in the safety certi 
?cation process. Also, by transforming the beam Within the 
taper, external components are not necessary to adjust the 
poWer or focus the output spot, simplifying the test setup, 
reducing component inventory, and reducing the risk of 
human exposure to the optical beam. 

These expressions also shoW (and as supported by experi 
mental evidence obtained by the inventors) that a ?ber optic 
taper increases the irradiance of an optical source. Thus, a 
method and apparatus employing a taper alloWs a controlled 
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Way of simulating enhanced irradiance that may occur in a 
broken optical ?ber. 
Beam transformation Within the ?ber eliminates the need 

for external optical components. Fiber tapers require less 
careful alignment than external components, simplifying the 
test setup and reducing setup time. Fiber tapers can accept 
a Wide range of optical sources While maintaining uniform 
output characteristics, reducing component inventory 
required if using external components. The Well-de?ned 
output characteristics of the method of the invention Will 
alloW accurate measurement of optical beam properties 
more easily and reliably than practical With external com 
ponents. 

The method and apparatus of the invention Will alloW 
testing laboratories to ef?ciently and accurately vary the 
irradiance of optical sources for certifying the safety of 
optical systems in haZardous (including classi?ed) locations. 
The irradiance enhancement demonstrated by the method of 
the invention Will alloW a controlled method for simulating 
potential irradiance enhancement of a broken optical ?ber. 
The smaller cross-sectional area of the taper reduces thermal 
conductivity effects, representing more severe testing con 
ditions of ?ber-optical systems than using untapered ?bers. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shoWs a cross-section of an embodiment of the 

invention; 
FIG. 2 shoWs dimensional characteristics of the ?ber taper 

shoWn in FIG. 1; 
FIG. 3 is a graph of absorbance of black iron oxide, 

Pittsburgh coal, and limestone rock dust samples; 
FIG. 4 is a graph of minimum igniting poWers With 

selected targets placed on a 400 pm core optical ?ber placed 
in ?ammable methane-air mixtures; 

FIG. 5 is a graph of igniting poWers for optical ?bers 
tipped With Pittsburgh coal (3 pm)-Krytox mixture, placed in 
?ammable methane-air mixture; 

FIG. 6 is a graph of igniting poWer versus coal particle 
siZe for optical ?ber tipped With ?ber siZed Pittsburgh coal 
cyanoacrylate targets, 8% methane in air; 

FIG. 7 is a graph of igniting poWers for optical ?bers 
tipped With iron oxide-Krytox placed in methane-air mix 
tures; 

FIG. 8 is a graph of igniting poWer versus lag time for 
various targets placed in ?ammable methane-air mixtures; 

FIG. 9 is a graph of igniting poWer versus ?ber optic core 
diameter for various targets; 

FIG. 10 is a graph of laser diode electrical input and CW 
optical poWer characteristics; 

FIG. 11 is a graph of MSHA accepted ignition curve for 
resistive circuits; 

FIG. 12 is a plot of minimum laser poWer for ignition for 
various ignition temperatures, compared to the experimental 
data for iron oxide from FIG. 9; 

FIG. 13 is a schematic diagram of an open-beam, remote 
monitor; 

FIG. 14 is an alternate embodiment of the invention; and 
FIG. 15 is a schematic description of the ignition process 

for the conversion of optical energy to thermal energy by 
absorption in an appropriate target. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

While the invention can be used With many different 
optical sources to simulate many different haZardous 
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locations, for convenience, the invention Will be described 
With respect to an apparatus and method for use in a coal 
mining location Where the presence of methane must be 
monitored. The primary mode of ignition for methane-air 
atmospheres at poWer levels common in current measure 
ment and control applications requires the simultaneous 
presence of a ?ammable methane-air atmosphere, a radiat 
ing energy source of the duration and intensity needed to 
cause ignition, and an appropriate target to convert the 
optical energy to thermal energy. 

Ignition requires the conversion of optical energy to 
thermal energy by absorption in an appropriate target. The 
target needs to attain a minimum ignition temperature for a 
given ignition volume in order to ignite the surrounding gas. 
Some relevant target properties include absorbance, surface 
area, volatility, and reactivity With air. It is generally 
believed that strongly absorbing targets facilitate ignition, 
but the effect of target surface area, volatility, and reactivity 
is less clear. For example, small, volatile or combustible 
targets may vaporiZe, dissipating the laser energy before 
igniting the surrounding gas. Larger combustible targets 
may have suf?cient mass to contribute signi?cant heat of 
combustion to ignite methane-air mixtures more easily than 
a similarly siZed inert target. Also, larger heated targets can 
ignite methane-air mixtures at loWer temperatures than 
smaller targets, but require higher incident poWers to attain 
similar temperatures as small targets. Small targets that 
vaporiZe near appropriate ignition temperatures may ignite 
gases more readily than other small targets by achieving a 
minimum volume. 

Referring noW to the draWings and especially to FIG. 1, 
an apparatus for testing an optical source is generally shoWn 
therein and identi?ed by reference numeral 10. Apparatus 10 
includes test chamber 13 having a vieWing port 22 to Which 
a video camera may be attached for vieWing and recording 
the ignition tests. Preferably the test chamber 13 has a 
20-liter interior chamber 18 suitable for explosion testing of 
dusts, gases, and their mixtures. The chamber 13 can also be 
used to measure lean and rich limits of ?ammability, explo 
sion pressures, rates of pressure rise, minimum ignition 
energies, minimum oxygen concentrations for ?ammability, 
and amounts of inhibitor necessary to prevent explosions. 

Atest methane/air mixture is introduced into the chamber 
through inlet 19. A ?ber optic taper probe 20 is inserted 
through opening 17 of chamber 13 and disposed Within the 
interior 18. Optical energy from optical source 11 is coupled 
to taper 20 via coupler 12, Which is preferably a bulkhead 
adapter. A target 14 is disposed at the output end of taper 20. 
The ?ber optic taper 20 directs optical energy from the 
optical source under test 11 into chamber interior 18. Refer 
ring to FIG. 2, optical energy launched into the input end 34 
of ?ber optic taper 20 is tapered doWn to a small ?ber 
diameter 35 and guided to the output end 36 (Where the 
target is attached, but not shoWn here) in the ignition 
chamber 18. Preferably, taper 20 tapers from 400 pm at input 
end 34 to 200 pm at diameter 35 and at output end 36. 

Optical source 11 is preferably a SDL model 8110-B 
Integrated Laser System (ILS). The ILS output poWer is 
variable up to 10 Watts out of a 400 pm diameter aperture. 
The laser diode Wavelength is centered at 803 nm in the near 
infrared. The ILS Was operated in constant poWer mode 
Which eliminated overshoot, and produced a 100 millisec 
ond rise time. The ILS also contains a loW poWer visible 
aiming laser Which is useful for setting up experiments. 

Three siZes of ?ber optic cable Were used. In addition to 
the ?ber optic taper 20, Which is preferably a taper from 400 
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pm to 200 pm, non-tapered cable Was used for comparison. 
Commercially available Fiberguide Anhydroguide plastic 
clad silica (PCS) 400 pm to 200 pm ?ber optic taper, 
Spectran 400 pm core, 430 pm clad Hard Clad Silica cable, 
0.4 numerical aperture (NA), and Fiberguide Anhydroguide 
PCS, 800 pm core, 900 pm clad diameter, 0.4 NA cable Were 
compared. 

Selected targets 14 included Pittsburgh seam coal (PC) 
and black iron oxide. Black iron oxide (a combination of 
ferrous FeO and ferric Fe2O3 oxide having a theoretical 
formula of Fe3O4) Was chosen because of its excellent 
optical absorption and inertness. Particle siZe is uniform 
With an average diameter of approximately 0.4 pm. Pitts 
burgh seam coal is used in standardiZed MSHA dust blan 
keting tests for intrinsic safety evaluations. The MSHA 
standardiZed tests call for dust ?ne enough to pass through 
a 200 mesh (75 pm) screen. Very ?ne PC particles With a 
mass median diameter of 3 pm Were used in a series of tests 
to compare With the iron oxide results. For ignition tests With 
?ne particles, a collection of many particles Was placed on 
the ?ber-optic tip 36. Larger individual coal particles 
approximately the siZe of the ?ber-optic core diameter Were 
used in another series of tests to investigate potential heat of 
combustion from larger coal particles. 

Absorption characteristics Were determined from a 
sample of iron oxide, 200 mesh PC and limestone rock dust 
(CaCO3). Referring to FIG. 3, it can be seen that black iron 
oxide is a slightly stronger absorber than coal over the 
Wavelengths measured. Both are much stronger absorbers of 
radiation than limestone rock dust, a material commonly 
applied in underground coal mines to prevent coal dust 
explosions. 

Before each ignition test, the poWer emanating from 
output tip 36 Was measured using a laser poWer meter 
(Scientec Model D200PC) With attached calorimeter 
(Scientec Model AC2501). This poWer measurement Was 
taken as the total poWer absorbed by the target 14 for the 
ensuing ignition test. The laser source 11 Was then turned off 
and a test target 14 attached to the output tip 36. Excess ?ber 
Was pulled back through opening 17 until target 14 Was 
positioned near the center of the chamber interior 18 atop a 
vertically aligned ?ber (not shoWn) Which Was used to 
support the target. The visible loW poWer aiming laser Was 
used to verify that the target completely covered the tip 36. 

Chamber 13 Was sealed and evacuated and a ?ammable 
gas-air mixture introduced into chamber interior 18 through 
port 19. The laser Was poWered to the measured poWer level 
and ignition (if present) recorded by the video camera. An 
internal pressure transducer (not shoWn) Was also used to 
sense ignition. Targets 14 Were heated to incandescence in 
all tests Whether or not an ignition Was produced. Tests Were 
determined to be non-ignitions and terminated after the 
video camera shoWed the intensity of incandescence 
dropped considerably or ceased. In most cases, tests Were 
terminated Within about one minute after turning on the laser 
11. The ?ammability of the gas-air mixture Was periodically 
veri?ed using electric matches When experiments resulted in 
non-ignitions. The primary criterion for ignition Was the 
visual appearance of ?ame on the video. Ignition Was also 
con?rmed by the explosion over pressures, Which Were 
about 55 to 100 psi for 6—10% methane-air mixtures. Peak 
pressures Were from 2 to 5 psi for 5% methane-air ignition. 

Various methods Were used to attach targets 14 to the ?ber 
tip 36. For example, a sample of iron oxide particles Was 
mixed With isopropyl alcohol, applied to the tip of the ?ber 
until the aiming laser Was no longer visible, and alloWed to 



US 6,667,801 B1 
7 

dry before sealing and evacuating the chamber 18. Mixing 
the very ?ne particles With an inert lubricant, Krytox, 
provided better adhesion and the lowest igniting powers. 
Krytox is a ?uorinated lubricant that has good temperature 
stability (loW outgassing up to about 355° C.) and is non 
?ammable. The Krytox to particle ratio of the target mixture 
Was about 1 to 3 by volume. Adhesives such as cyanoacry 
late Were not used extensively With very ?ne particles 
because of the potential heat of combustion contributions. 
The ?ber-siZed coal particles required an adhesive to adhere 
adequately to the ?ber tip 36, so cyanoacrylates Were used 
in those cases. Acomparison of minimum igniting poWers of 
various targets on a 400 pm ?ber is shoWn in FIG. 4. 

Experimental results are shoWn in FIGS. 5—7. In each 
series of tests With a ?ber of a particular diameter, the 
methane concentration Was varied to ?nd the minimum 
igniting laser poWer. In general except for the ?ber-siZed 
coal particles shoWn in FIG. 6, each set of tests at a particular 
methane-air concentration Was discontinued after three non 
ignitions Were obtained. Additional tests Were conducted 
after obtaining four non-ignitions in one case because of 
irregular shapes and re?ective (glossy) facets on the larger 
particles made it dif?cult to block the aiming laser. Mini 
mum igniting poWers for PC (3 pm) Krytox targets (see FIG. 
5) Were 0.9 Watts for the 200 pm core taper ?ber and 1.5 
Watts for the 400 pm core non-taper ?ber. Minimum igniting 
poWers for ?ber-siZed PC-cyanoacrylate targets in 8% 
methane-air mixtures (see FIG. 6) Were 1.6 Watts for 400 pm 
core non-taper ?ber and 2.7 Watts for 800 pm core non-taper 
?ber. 
Minimum igniting poWers (see FIG. 7) With iron oxide 

Krytox targets Were 0.6 Watts, 1.1 Watts and 2.2 Watts With 
the 200 pm core taper, 400 pm core non-taper and 800 pm 
core non-taper ?bers, respectively. The relatively ?at 
response With methane concentration resembles autogenous 
ignition temperature (AIT) phenomena more than electrical 
spark (MIE) phenomena. Limiting thermal phenomena such 
as AIT are also characteriZed by large ignition lag times. Lag 
time trend is shoWn in FIG. 8. Ignition lag times Were 
estimated by observing video tape recorded by the high 
speed camera system. Ignition lag Was taken as the time 
betWeen the ?rst noticeable target gloW and ?rst noticeable 
?ame front emanating from the target. In several cases, 
barely discernable ?ame fronts emanating from the target 
Were folloWed by clearly visible ?ames appearing from 
other portions of the chamber 18. 
A summary of minimum igniting poWers versus core 

diameter is shoWn in FIG. 9. This graph shoWs that inert but 
more strongly absorbing iron oxide-Krytox targets consis 
tently ignited methane-air mixtures at loWer poWers than 
coal targets in this study. Minimum igniting poWer densities 
for iron oxide-Krytox targets calculated by dividing the 
igniting poWer by the surface area of the ?ber core produces 
values of 19.2, 8.7 and 4.4 Watts per square millimeter for 
the 200 pm taper, 400 pm and 800 pm ?bers, respectively. 
Comparing these calculations to FIG. 9 shoWs that smaller 
core ?bers required loWer incident poWers for ignition than 
larger core ?bers, but larger poWer densities. 

Experimental approaches to assessing minimum igniting 
phenomena require a large number of tests to account for 
statistical variations in test conditions. The number of non 
ignitions per test series in FIGS. 5—7 is roughly 10. In 
comparison, MSHA tests each electrical circuit for 1000 
revolutions in a spark test apparatus, With multiple sparks for 
each revolution, resulting in at least 5000 make-break 
sparks. For this reason, a conservative safety factor should 
be applied to the curve in FIG. 9. Results suggest that larger 
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8 
core ?bers are signi?cantly less likely to cause ignition in 
methane-air mixtures, under certain test conditions. The 
likelihood of signi?cant intensity ?uctuations in multimode 
optcial ?bers from modal variations or focusing effects from 
broken ?bers, for example, may need to be considered Where 
appropriate. Test results also shoW that tapered ?bers pro 
duce loWer igniting poWers and approach limiting ignition 
lag times for quickly than untapered ?bers. Thus, ?ber optic 
tapers are useful for evaluating the failure mode Where a 
multimode optical ?ber is stretched to the breaking point 
With a concurrent reduction in ?ber diameter at the breaking 
point. 

FIG. 10 shoWs voltage, current and CW optical poWer 
characteristics for a commercial laser diode. The poWer is 
measured out of a 100 pm ?ber optic pigtail. FIG. 11 shoWs 
the MSHA accepted electrical spark ignition curve for 
resistive circuits, plotting short circuit current versus open 
circuit voltage. Even at maximum drive current producing 
upWards of 600 milliWatts optical poWer, the laser diode 
drive circuit could be Well Within the safe boundary from an 
electrical spark point of vieW (beloW and to the left of the 
ignition curve). Considering also the optical conversion 
ef?ciency is less than 40%, the laser diode and drive circuit 
might be considered safe Without further evaluation. 
HoWever, 600 milliWatts optical poWer out of a 100 pm core 
diameter ?ber is above the ignition curve of FIG. 9, indi 
cating operation at a loWer poWer may be prudent. 

Larger coal particles required higher incident poWers to 
ignite 8% methane-air mixtures in this study (FIG. 6), 
indicating heat of combustion contributions Were negligible 
(coal particles Were heated to White-hot incandescence in all 
tests). This does not necessarily apply to situations Where 
much larger accumulations of coal dust may ignite. 

To measure the effect of optical poWer on temperature of 
larger accumulations of coal dust, such as might cause 
smoldering or burning, an alternative embodiment of the 
invention may be used. Referring noW to FIG. 14, an 
alternate embodiment of the invention is generally shoWn 
therein and identi?ed by reference numeral 100. In this 
embodiment, apparatus 100 is used to measure the tempera 
ture of targets on the ends of optical ?bers. Temperature 
information is used to determine the risk of smoldering ?re 
haZards on accumulations of coal dust on surfaces. Infrared 
(IR) camera 110 focuses on target 114, attached to the output 
end of ?ber taper 120, Which is coupled via optical coupler 
122 to optical source 124. 

Preferably IR camera 110 is an Agema 550 thermal 
imaging camera, Which records temperatures of particles 
114 on optical ?ber tip 116 heated by laser poWer from 
source 124 that produced methane-air ignition. The Agema 
550 camera system measures the IR radiation at Wavelengths 
of 3.6 to 5 pm and shoWs the calculated temperatures as a 
false color display on a monitor. The maximum temperature 
in the area of interest is displayed as a numerical value. The 
IR camera Was calibrated up to 1500° C. A 30/80 closeup 
lens 112 alloWed very high spatial resolution. Prior to 
observations of the optical ?ber, the temperature calibration 
and spatial resolution of the IR camera 110 Were con?rmed 
by using small apertures placed in front of a blackbody 
source. 

To measure the temperatures of targets 114 on the end of 
optical ?ber 120, both the IR camera 110 and the optical 
?ber 120 Were positioned on optical bench 130. The cham 
ber 13 (FIG. 1) Was not needed for these tests. The camera 
110 Was positioned about 5 cm from the end of the ?ber taper 
120 coated With an iron oxide target 114. The ?ber 120 Was 
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tilted approximately 40 degrees from vertical (50 degrees 
from the camera axis) to maximize the viewing area of the 
?ber tip 116. 

While there has been illustrated and described a particular 
embodiment of the present invention, it Will be appreciated 
that numerous changes and modi?cations Will occur to those 
skilled in the art, and it is intended in the appended claims 
to cover all those changes and modi?cations Which folloWed 
in the true spirit and scope of the present invention. 
What is claimed is: 
1. A method for determining a safe poWer output for an 

optical source emitting optical poWer in an environment 
containing haZardous material, the method comprising: 

providing a tapered optical ?ber having an input end and 
an output end, Wherein the diameter of the output end 
is smaller than the diameter of the input end; 

optically coupling the optical source to the input end of 
the optical ?ber; 

applying a predetermined amount of optical poWer to the 
optical ?ber With the optical source; 

measuring the optical poWer emitted at the output end of 
the optical ?ber; and 

positioning a target to absorb optical poWer from the 
output end of the optical ?ber. 

2. The method of claim 1, further comprising positioning 
the output end of the optical ?ber and the target in an 
environment of ?ammable material and detecting Whether 
the ?ammable material is ignited by the target. 

3. The method of claim of claim 2, Wherein the output end 
of the optical ?ber and the target are positioned in a chamber 
containing ?ammable material. 

4. The method of claim 2, further comprising determining 
the minimum igniting poWer required to ignite the ?am 
mable material. 

5. The method of claim 1, Wherein the target is disposed 
on the output end of the optical ?ber. 

6. The method of claim 1, further comprising measuring 
the temperature of the target. 

7. The method of claim 1, further comprising detecting 
Whether smoldering of the target occurs. 

8. The method of claim 1, Wherein the diameter of the 
input end of the optical ?ber is about 400 pm and the 
diameter of the output end of the optical ?ber is about 200 
pm. 

9. The method of claim 1, Wherein the optical source 
comprises a laser diode. 

10. The method of claim 2, Wherein the ?ammable 
material comprises methane. 

11. The method of claim 1, Wherein the input end and the 
output end of the optical ?ber have circular cross sections. 

12. A method for determining a safe poWer output for an 
optical source emitting optical poWer in an environment 
containing haZardous material, the method comprising: 

providing a tapered optical ?ber having an input end and 
an output end, Wherein the diameter of the output end 
is smaller than the diameter of the input end; 

optically coupling the optical source to the input of the 
optical ?ber; 

applying a predetermined amount of optical poWer to the 
input end of the optical ?ber With the optical source for 
Which the optical poWer emitted at the output end of the 
optical ?ber is knoWn; and 

positioning a target to absorb optical poWer from the 
output end of the optical ?ber. 
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13. The method of claim 12, further comprising position 

ing the output end of the optical ?ber and the target in an 
environment of ?ammable material and detecting Whether 
the ?ammable material is ignited by the target. 

14. The method of claim 13, Wherein the output end of the 
optical ?ber and the target are positioned in a chamber 
containing ?ammable material. 

15. The method of claim 13, further comprising deter 
mining the minimum igniting poWer required to ignite the 
?ammable material. 

16. The method of claim 12, Wherein the target is disposed 
on the output end of the optical ?ber. 

17. The method of claim 12, further comprising measur 
ing the temperature of the target. 

18. The method of claim 17, further comprising detecting 
Whether smoldering of the target occurs. 

19. The method of claim 12, Wherein the diameter of the 
input end of the optical ?ber is about 400 pm and the 
diameter of the output end of the optical ?ber is about 200 
pm. 

20. The method of claim 12, Wherein the input end of the 
optical ?ber has a ?rst circular cross-sectional area and the 
output end of the optical ?ber has a second circular cross 
sectional area, the second cross-sectional area being smaller 
than the ?rst cross-sectional area. 

21. An apparatus for determining a safe poWer output for 
an optical source emitting optical poWer in an environment 
containing haZardous material, the apparatus comprising: 

a tapered optical ?ber having an input end and an output 
end, the input end having a ?rst diameter, the output 
end having a second diameter, the second diameter 
being smaller than the ?rst diameter, the input end 
being adapted to be optically coupled to the optical 
source; 

a poWer output measuring apparatus for measuring the 
optical poWer emitted at the output end of the optical 
?ber; and 

a target for placing at a position to absorb optical poWer 
emitted from the output end of the optical ?ber. 

22. The apparatus of claim 21, further comprising an 
optical coupler for optically coupling the input end of the 
optical ?ber to the optical source. 

23. The apparatus of claim 21, further comprising a 
chamber for receiving ?ammable material, and Wherein the 
output end of the optical ?ber and the target are disposed 
Within the chamber. 

24. The apparatus of claim 21, further comprising a 
temperature measuring device for measuring the tempera 
ture of the target When the target is heated by the optical 
source. 

25. The apparatus of claim 21, Wherein the optical source 
comprises a laser diode. 

26. The method of claim 21, Wherein the ?rst diameter of 
the optical ?ber is about 400 pm and the second diameter of 
the optical ?ber is about 200 pm. 

27. The method of claim 21, Wherein the target is disposed 
on the output end of the optical ?ber. 

28. The method of claim 23, Wherein the ?ammable 
material is methane. 

29. The method of claim 21, Wherein the input end of the 
optical ?ber has a ?rst circular cross-sectional area and the 
output end of the optical ?ber has a second circular cross 
sectional area, the second cross-sectional area being smaller 
than the ?rst cross-sectional area. 
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